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The dynamic hysteresis of ferroelectric lattice with 90 -domain structure in response to time-varying electric field of frequency x and amplitude E 0 is investigated using Monte Carlo simulation based on the Ginzburg-Landau phenomenological theory. A resonance mode of the polarization switching at low frequency range, associated with cluster dipole switching, beside the dipole switching resonance mode, is revealed, characterized by two separate peaks in the hysteresis area spectrum A(x). It is indicated that the power law scaling behaviors A(x) $ x a for x ! 0 and A(x) $ x Àb for x ! 1 remain applicable. When a ferroelectric (FE) system below its Curie point (T c ) is submitted to a time-varying electric field E(t) ¼ E 0 Ásin(2pxÁt), where E 0 is the amplitude, x the frequency, and t is time, a counter-clock loop-like polarization (P)-E hysteresis is generated in one cycle of the P-switching in response to E(t), as shown in Fig. 1(a) . This hysteresis is a hallmark of ferroelectricity, and its area A(x, E 0 ) together with remnant polarization (P r ) and coercivity (E c ) serve as the three core parameters of FE performance. 1, 2 The socalled area spectrum A(x) is usually complicated, given an E 0 at temperature T, and is coined the dynamic hysteresis. 3, 4 A typical A(x) at a given E 0 is shown by the dashed blue line in Fig. 1(b) , which exhibits a single-peaked pattern originating from dipole switching.
In fact, attention to the dynamic hysteresis is of interest not only from fundamental physics but also for application significance.
2 Spectrum A(x) reflects the energy dissipating during one cycle of P-switching and is a measure of the dynamics of phase transitions. 5, 6 For many FE applications, the speed of P-switching is receiving attentions, [7] [8] [9] [10] [11] [12] [13] and spectrum A(x) offers helpful information on the dynamics and kinetics of P-switching. It is believed that the P-switching is realized via the nucleation-and-growth process based on the individual dipole switching events. 11, 14, 15 At E 0 > E c , there appear a characteristic time s n for domain nucleation and time s g for domain growth, so that an effective time s eff $ p ðs n s g Þ can be defined to scale the switching over the whole lattice. 7, 8 It implies that a resonance of the switching in response to E(t) at x max $ 1/s eff , where A(x) reaches its maximal occurs. This spectrum is denoted as A di (x), and the resonance mode may be called as the dipole switching mode. Consequently, the following power law scaling behaviors are proposed: 5, 16 AðxÞ
where exponents a, b, m, and n are all positive and materials dependent. Yang et al. 11 extended the dynamic hysteresis model proposed by Nattermann et al. 17 for magnetic materials to FE materials in which quenched disorders and defects are inevitable. Thus, the P-switching is associated with domain relaxation, wall creep, and wall flow. [18] [19] [20] The dynamic hysteresis in realistic FE materials seems even more complicated. Experiments [7] [8] [9] [10] [11] [12] [13] 21 reported scattered power law exponents in the low-x and high-x limits. These inconsistencies raise two questions: (1) the models used so far are over-simplified, excluding those essential contributions involved in FE materials. [22] [23] [24] (2) Structural and FE anomalies such as lattice defects and quenched disorders impose impact on the dynamic hysteresis. 11, 24 Conventional theory on FE dynamic hysteresis stems from the spin Hamiltonian for magnetic matters and deals with ferroic lattice without considering complicated domain structures. For tetragonal PbTiO 3 or BaTiO 3 , the microstructure is dominant with the 90 -domains. This specific structure adds an additional spatial scale and probably an additional excitation mode for P-switching: avalanche-like switching of those dipoles. As a straightforward argument, this mode, coined as the cluster switching mode, is schematically shown in Fig.  1(c) left column. The spectrum A do (x) arising from this mode may be single-peaked too and plotted by the dashed dot line. The spectrum A(x) should be a sum of A di (x) and A do (x).
In this letter we address this issue. We start from the Ginzburg-Landau phenomenological theory for a tetragonal FE lattice. In our calculation, we take lattice constant a 0 ($1.0 nm), Landau coefficient a 0 in the free energy, and polarization P 0 of the object FE material at T ¼ T 1 far below T c as reference, where a 0 ¼ a 10 (T 1 À T c ) and a 10 > 0. All free energy terms are normalized by term ja 0 jP 0 2 which has an energy unit. Thus, one has normalized T * ¼ T/(T c ÀT 1 ) with
. We perform the Monte Carlo simulation on a two-dimensional (2D) L Â L square lattice with periodic boundary conditions (L and all spatial coordinates are normalized by a 0 ), using the Metropolis algorithm. On each site, an electric dipole P(r) ¼ (P x , P y ), normalized by P 0 , and an elastic displacement vector u(r) ¼ (u x , u y ), normalized by a 0 , a)
Author to whom correspondence should be addressed. Electronic mail: liujm@nju.edu.cn. are imposed. The model and procedure of the simulation were described in earlier works, 22, 24, 25 and only a brief description is presented here. The free energy F in dimensionless form includes the Landau potential f ld , dipole gradient energy f gr , dipole-dipole interaction f dip , elastic energy f el , electrostrictive interaction f es , and electrostatic energy f ep
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where v is the volume unit. The Landau potential f ld extending to the sixth-order is
where a * i is the normalized values of the potential coefficients a i , and a
. The lowest order gradient energy f gr with square symmetry can be written as
where r j ¼ (x, y) if j ¼ x, y, and g The third term is the dipole-dipole interaction. In the dimensionless form, this term can be expressed as
where dimensionless factor t dip ¼ (8peja 0 j) À1 with e the dielectric permittivity and we take t dip ¼ 1; r and r 0 are the spatial coordinates. This term favors an anti-parallel alignment of dipoles, and it is of long-range. A realistic calculation is done by either Fourier transform or finite truncation treatment, 22 while for 2D lattice this treatment is precise as long as the truncating distance R is big (R ¼ 8 in our simulation).
The spatial strain field is facilitated with elastic energy f el yielding
with C 
where t es is a dimensionless pre-factor, q 
where electric field E ¼ (E x , E y ) is normalized by term ja 0 jP 0 , taking E x ¼ E(t) ¼ E 0 Ásin(2pxÁt) and E y ¼ 0. We consider two cases: one case with t es ¼ 1, and the lattice is dominated with the 90 -domain structure; the other by setting t es ¼ 0, so the single domain or 180 -domain structure is preferred. The parameters for the simulation are listed in Table I and were used extensively in literature. 22, 23 The Monte Carlo simulation procedure was described previously, 22, 24, 25 and no details are given here. The finite lattice size effect is negligible as long as lattice size L is much bigger than the 90 -domain width. The unit for frequency x is inversely measured by the Monte Carlo step (mcs) which counts L 2 dipole flip attempts. One mcs À1 corresponds to the characteristic rate x 0 for the dipole flip attempts, which is supposed to follow the thermal-activation law x 0 ¼ tÁexp(ÀF 0 /k B T), with F 0 the potential barrier and t the frequency for the basic dipole excitation mode.
We first look at the case of f es ¼ 0. Extensive simulation on the P-E loops at various x and E 0 are performed, and the hysteresis evolves from thin and well saturated loop into square and fat loop until unsaturated round one, with increasing x, as shown in Fig. 2(a) and discussed in literature. 5, 7, 9 In Fig. 3(a) are plotted the three A(x) curves for this case. All these curves show the single-peaked pattern, with the peak height and location shifting upward and rightward with increasing E 0 . From the log-log plot (inset), one observes the power law scaling in both the x ! 0 and x ! 1 limits. In correspondence, the domain structures at several states associated with the P-E loop are presented in the left column of Fig. 3 . While the initial state is occupied with 180 -domains (state O), it is seen that state C has h $ 0 and state F has h $ p over the whole lattice, in spite of the local fluctuations. These results show that the P-switching is dominated by the dipole switching mode and the resonance occurs at time
For f es > 0, the lattice is dominated with the 90 -domains. At t es ¼ 1, the simulated loops at several x are shown in Fig. 2(b) , and the area spectra at three different E 0 are presented in Fig. 3(b) . No substantial difference in the loop pattern between the two cases t es ¼ 0 and t es ¼ 1 is shown. The minor differences are (1) the 90
-domain structure shows a rounder loop pattern, while the single-domain lattice generates a more square-like loop; (2) with decreasing x, the nominal coercive field shows slower shrinking for the 90 -domain structure than that for the single-domain structure.
The substantial difference between the two cases is illustrated by A(x). For t es ¼ 1, it is surprising that A(x) at each E 0 demonstrates two well defined peaks instead of one peak in the case of t es ¼ 0, similar to the solid line in Fig. 1(b) . For details, first, the peak at the high-x side is located at s di , similar to the case of t es ¼ 0, while the low-x peak is located roughly at s do $ 10 5 mcs. Time s do would be longer if t es is larger. Second, the peaks at s do and s di increase in height and rightward with increasing E 0 , while this response is much more significant for the peak at s do than that at s di , indicating that the dynamic response associated with the peak at s do is non-robust. Third, A(x) at both the low-x and high-x limits still follows the power-law scaling, as shown in the inset of Fig. 3(b) . The scaling exponents are roughly E 0 -independent but strongly T-dependent.
To understand the origin of peak at s do , one snapshots the domain structures at several states. Referring to state C and state F, it is observed that even passing forward to state B and 
FIG. 3. (Color online) Evaluated
A(x) for (a) t es ¼ 0 and (b) t es ¼ 1 respectively, at three different E 0 . T * ¼ 0.05. The snapshots of the FE domains for t es ¼ 0 (left column) and t es ¼ 1 (right column) at states O, C, and F (see Fig.  1(a) . The domain orientations are marked by colors, and angle h is defined with respect to the x-axis. The blue and red arrows indicate the domain orientations.
state C from state O, the 90 -domain pattern can be somehow maintained, blueprinted by the green stripes in state C. Inside these stripes are accommodated with a number of dipole clusters. At state F, the reversed domain structure still shows the yellow stripe-like pattern which is opposite in polarization to state C. Also, inside these stripes are accommodated with a number of dipole clusters which align in the direction opposite to those clusters in state C. This demonstrates that the dipoles in these clusters reverse in an avalanche/collective manner, i.e., the cluster switching mode rather than the individual dipole switching. This is an important result, revealing the cluster switching of the 90 -domains as an additional sequence makes substantial contribution to the dynamic hysteresis. In fact, quite earlier experiment already revealed the so-called trans-domain cooperative switching in PbZr x Ti 1Àx O 3 ceramics with the 90 -domain structure. 26 To separate the contributions from the two modes, one consults to Fig. 4(a) where the evaluated A(x) for t es ¼ 1 and t es ¼ 0 at E 0 ¼ 4.0 are plotted. Although the two spectra are different in the overall sense, their behaviors at the high-x limit remain identical. Keeping in mind that
It is reasonable to assume that A di (x) at f es > 0 has the same distribution as A(x) at f es ¼ 0, although their magnitudes are different but proportional to each other. Therefore, A di (x) and A do (x) at t es ¼ 1 can be simply obtained, as shown in Fig. 4(b) .
As expected, both A di (x) and A do (x) show the singlepeaked pattern with the peaks located, respectively, at s di and s do . The ratio s do /s di is $ 630, indicating that the cluster switching occurs at much lower x than the dipole switching. In addition, both A di (x) and A do (x) exhibit the power-law frequency scaling at x ! 0 and x ! 1, respectively, with similar exponents a and b, thus allowing the same scaling behavior and exponents for A(x). More simulations on cases where E(t) is applied along directions other than the x-axis reveal similar behaviors although the scaling exponents may be different. These results suggest that the cluster switching mode can not be ignored for FE materials with 90 -domain structure. However, as E 0 is extremely big or T is high, this mode will be much less pronounced, as identified in some experiments. [8] [9] [10] [11] In evidencing the above argument, one looks at the effect of T. We present the A(x) data with E 0 ¼ 4.0ja 0 jP 0 at several T * in Fig. 5(a) . It is seen that with increasing T * , the two-peaked pattern transits gradually into single-peaked one. The peak or anomaly at s do nearly disappears at T * ¼ 0.30. We evaluate the power-law scaling exponents (a, b) at different T * and present them in Fig. 5(b) . While b ¼ 1.0 is roughly T-independent, a increases with increasing T * , from a $ 0.23 at T * ¼ 0.01 to a $ 0.52 at T * ¼ 0.50, and then tends to be saturated. In fact, for the low-x behavior, the high quality PbZr x Ti 1Àx O 3 epitaxial thin films showed E c (x) $ x c with c increasing with increasing T, while the measured P r (x) remains well saturated, 11 consistent with the present simulation. Similar results were obtained in PbZr x Ti 1Àx O 3 ceramics. 13, 27 Theoretically, it was argued that a is T-dependent in the similar way as revealed experimentally.
14 On the other hand, exponent b is insensitive to T * and b ¼ 1.0 seems to be universal. In the present case, no substantial contribution from the cluster switching mode in the high-x limit is observed, thus b ¼ 1.0 applies. It is also understood that thermal fluctuations would have more remarkable impact on the cluster switching mode than on the dipole switching mode, resulting in disappearance of the former mode in the high T * range. Regarding the amplitude exponents m and n, it is obtained that exponent n $ 2.0 applies to all the cases, which is nearly T-independent either. However, given a fixed T, the evaluated m at f es > 0 is smaller than that at f es ¼ 0. It increases slightly with increasing T. So far, no clear evidence supporting the existence of the cluster switching mode and its significance is available. However, it is still possible to unveil some indirect evidences. Consulting to available data on the dynamic hysteresis in several FE materials, [8] [9] [10] [11] 13 one finds that exponent a is smaller when E 0 is relatively lower. Keeping in mind that it is technically difficult to access very low frequency for measuring A(x), those data used for evaluating exponent a were obtained at x > 0.1 Hz. This x-range may overlap with the resonance frequency for the cluster switching mode. Therefore, the evaluated a would be smaller at lower E 0 since A do (x) becomes more remarkable. Surely, in realistic FE materials, the domain structure is more complicated than pure 90 -domains, making an experimentally identifying of A do (x) tougher.
